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The effect of smoke on the germination of various fyn-
bos species has been well documented. However, little
work has been done on the effect of smoke on mature
plants. This study investigated the effect of smoke on
the photosynthetic gas exchange of Chrysanthemoides
monilifera. Potted plants given a one-minute exposure
to smoke were significantly affected within half an hour.
Stomatal conductance, CO2 assimilation rate and inter-
cellular CO2 levels were significantly reduced and these
reductions persisted for five hours, subsequent to
which the three parameters recovered to control levels
over the next 24h. Reduction in CO2 assimilation rate
was the consequence of both stomatal and mesophyll
effects, the latter including decreases in both carboxy-
lation efficiency and RuBP regeneration capacity. The
factors responsible for these effects appear not to be
related to the temperature or CO2 concentrations of the
smoke and further investigation is required to elucidate
the causal factor(s). Unlike gas exchange parameters,
PSII photochemical efficiency was unaffected by the
treatment. Repeated exposure to similar smoke treat-
ments resulted in acclimation such that no significant
reductions in CO2 assimilation rate or stomatal conduc-
tance were evident, after a smoke treatment. The photo-
synthetic gas-exchange of field grown plants, measured
two weeks subsequent to the exposure to smoke from a
natural fire, showed no response. A result that was
anticipated from laboratory studies where recovery fol-
lowing single smoke exposure was shown to occur
within 24h.
Smoke is composed of multiple chemical components and is
associated with a number of physical factors that may affect
the photosynthetic gas exchange of leaves. Associated with
smoke are high temperatures and high vapour pressure
deficit (VPD), both of which are known to affect leaf gas
exchange (Daie and Campbell 1981, Guehl and Aussenac
1987). Smoke also contains the physiologically active com-
pounds NO2 (Keeley and Fotheringham 1997), ethylene
(Jäger et al. 1996), extremely high CO2 concentrations, SO2
and O3 (Robinson et al. 1998) as well as unidentified com-
pounds that stimulate seed germination (Van Staden et al.
1995). The individual effects of some of these compounds,
particularly related to the effects of pollution, have been
shown to affect photosynthesis (Peiser and Yang 1977,
Taylor and Tingey 1983, Heath 1994), but the effect of
smoke per se on mature leaf gas exchange has not been
investigated under laboratory conditions. Aqueous smoke
extracts greatly promote the germination of many seeds
from species living in environments prone to fire and envi-
ronments from which fire is excluded (Brown 1993). Smoke
extracts have also been shown to stimulate root growth of
Lycopersicon esculentum (Taylor and Van Staden 1998).
Furthermore, when smoke and its constituent compounds
dissolve in water the resultant solution is acidic (Keeley and
Fotheringham 1997). Acidification of the leaf apoplast by
such a process has varied effects including stomatal closure
and altered responses to ABA (Anderson et al. 1994).
Chrysanthemoides monilifera (L.) T. Norl. is a cosmopoli-
tan species of shrub, that grows in many environments,
ranging from fire-prone grasslands to fire-excluded beach
pioneer communities. It responds to being burnt by vigor-
ously resprouting from the base and is useful as a study
species due to its easy propagation.
This study characterised the gas exchange response of C.
monilifera to smoke applications and attempted to establish
whether there are both mesophyll and stomatal effects.
Stomatal effects result from reduced stomatal conductances
that limit the supply of CO2 for photosynthesis. Mesophyll
effects include the reduction of photosynthetic rates as a
result of photochemical and/or biochemical effects.
Materials and Methods
Laboratory studies were conducted on Chrysanthemoides
monilifera (Tourn. Ex Medik) plants collected from the field
as seedlings, potted in fertilised topsoil and grown in the
greenhouse for up to seven months before experiments
were conducted. Prior to experiments, plants were acclimat-
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ed under a Halogen light source (~400μmol m-2 s-1) in the
laboratory for up to three days.
Smoke was applied to greenhouse grown plants by seal-
ing them in half 50L drums to which two puffs of smoke were
added from a commercial bee smoker that was fuelled with
dry Cynodon dactylon (a common grass). After 1min, the
plants were removed from the drum and after a period of up
to 15min at ambient conditions, gas exchange measure-
ments were begun and continued for up to 24h. This dura-
tion of smoke exposure was chosen as longer exposures
(5min) caused leaves to wilt and ultimately resulted in leaf
necrosis and shoot death. In addition to these single smoke
exposures, a further experiment was conducted where five
plants were exposed to a single 1min smoke treatment on
five consecutive days. After the fifth exposure, the gas
exchange of these plants and five control plants was meas-
ured for up to 5h. Gas exchange parameters were measured
using a LI-COR 6400 portable photosynthesis system (LI-
COR, USA) and all measurements were taken at a saturat-
ing photon flux density (PPFD) of 1 000μmol m-2 s-1, a tem-
perature of 25°C, 360μmol mol-1 CO2 and a relative humidi-
ty of 30%. Parameters were recorded when the sum of the
coefficients of variation for the difference in CO2 and H2O
concentrations between reference and analysis sources
respectively and the change in flow rates was less than 2%.
Gas exchange parameters were normalised to the value of
the initial gas exchange parameter(s) measured prior to the
smoke exposure.
In order to differentiate direct and indirect effects of smoke
on the photosynthesis and gas exchange of plants, CO2
response curves were constructed for 11 plants prior to and
1h after a 1min smoke treatment, according to the methods
of Farquhar and Sharkey (1982). For the smoke treated
plants, as a result of time related changes in gas exchange
parameters and low stomatal conductances, it was not pos-
sible to construct CO2 response curves over the entire range
of CO2 concentrations. Thus, the gas exchange parameters
of smoke treated plants were recorded prior and 1h subse-
quent to the treatment, initially at a non-CO2-saturating con-
centration of 360μmol mol-1, then at the CO2-saturating con-
centration of 1 000μmol mol-1 and finally at 0μmol mol-1. For
the purpose of calculating carboxylation efficiency, RuBP
regeneration rates and stomatal limitations, the combined
data from the eleven replicate control or smoke treated plants
were fitted with a monomolecular equation (y = a(1-eb-cx),
where y is the photosynthetic rate at intercellular CO2 con-
centration x, and a, b and c are constants) according to the
methods of Causton and Dale (1990). Carboxylation effi-
ciency and RuBP regeneration rate can be derived from the
fitted constants (Midgley et al. 1999). The percent stomatal
limitation was calculated using values from the fitted lines
according to the equation: (A-B)/A x 100, where rate A is the
rate that would be attained if the stomatal conductance at
ambient CO2 concentration (Ca) was infinite (i.e. where
intercellular CO2 concentration; Ci = 360μmol mol
-1) and rate
B is the rate attained at the prevailing stomatal conductance
(i.e. where Ca = 360μmol mol-1).
In order to further elucidate the non-stomatal reduction in
assimilation caused by smoke the maximum quantum effi-
ciency of primary photochemistry of photosystem II (ϕpo) of
light- and dark-adapted leaves was assessed. Five leaves
from individual plants were dark-adapted for 30min prior,
and 30min subsequent to a 1min smoke application (as
above). ϕpo was measured subsequent to each of these
dark-adaptations using a Plant Efficiency Analyser
(Hansatech Ltd., UK). A further five leaves from individual
plants were subject to five min of 600W m-2 of actinic light,
5min prior, and 55min subsequent to a 1min smoke applica-
tion. Following these light exposures leaves were dark-
adapted for 30s and ϕpo measured. Measurement following
only 30s of dark-adaptation allows the quantum efficiency of
primary photochemistry of leaves in their light-adapted state
to be assessed, but the 30s of darkness does allow for the
reopening of the reaction centres (Krüger et al. 1997).
In addition to the laboratory study, gas exchange meas-
urements (as above) were made on five leaves of five repli-
cate mature field-grown plants that had, or had not, been
exposed to smoke. Smoke exposure was the result of a nat-
ural fire that occurred two weeks previous to the measure-
ment date. Fully expanded leaves on separate shoots were
chosen for each measurement.
Gas exchange and chlorophyll fluorescence parameters
of control and smoke-exposed plants were compared using
t-tests at the level of confidence indicated in the table and
figure legends.
Results
Greenhouse grown plants monitored immediately subse-
quent to a brief exposure to smoke showed significant
decreases in A, Ci and gC2O (Figure 1). Time courses
showed that these parameters reached a minimum after
approximately 1h and these low values persisted for at least
5h. In comparison to controls, these minimum values
(measured after 3h) represent an average reduction in
assimilation rate of 66.0%, stomatal conductance of 80.4%
and internal CO2 concentration of 25.1%. After 24h the val-
ues measured for the smoked plants had recovered such
that they were not significantly different from values meas-
ured for control plants.
From the CO2 response curves for the controls it was appar-
ent that ambient CO2 concentrations (Ca) of 360μmol mol
-1
and 1 000μmol mol-1 resulted in Ci values and hence assim-
ilation rates, that were determined largely by the carboxyla-
tion efficiency and rate of RuBP regeneration, respectively
(Figure 2). Therefore, measurement at only these two ambi-
ent concentrations allowed for the assessment of both alter-
ations in the carboxylation efficiency and rates of RuBP
regeneration.
Rates of CO2 assimilation (Figure 2, Table 1) were signifi-
cantly reduced by smoke at ambient CO2 concentrations of
360μmol mol-1 and 1 000μmol mol-1. The ambient CO2 con-
centration of 360μmol mol-1 resulted in Ci of ~240μmol mol-1,
with no significant differences between control and treated
plants. Similarly, an ambient concentration of 1 000μmol
mol-1 resulted in similar, but more variable Ci values (rang-
ing from 704–622μmol mol-1), again with no significant dif-
ference between controls and treatments (Table 1). The
reduced assimilation rates of plants subjected to smoke are
a result of reduction in both carboxylation efficiency and rate
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of RuBP regeneration, and do not result from reductions in
Ci. Average carboxylation efficiency was reduced from
89.0μmol m-2 s-1 to 37.6μmol m-2 s-1 and RuBP regeneration
rate reduced from 14.5μmol m-2 s-1 to 8.2μmol m-2 s-1, by the
smoke treatment (Figure 2).
When the time-course following single smoke exposure
and the CO2 response curve data are considered there was
evidence of stomatal effects. The smoke treatment reduced
stomatal conductances (Figure 1) and increased stomatal
limitations by 17.2% and 13.5% measured at ambient CO2
concentrations of 360μmol mol-1 and 1 000μmol mol-1,
respectively (Table 1). In response to these stomatal effects,
Ci values were reduced slightly (20% at 60min after treat-
ment; Figure 1) or remained unchanged (Table 1). This was
so despite 47–66% reductions in CO2 assimilation rates. It is
possible that the altered Ci values, resulting from reduced
CO2 assimilation, may have caused the observed stomatal
response. However, direct stomatal effects cannot be ruled
out.
The mean 30min dark-adapted ϕP0 of leaves prior and
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Figure 1: Response of the mean normalised CO2 assimilation rate (A), stomatal conductance to CO2 (gCO2), and internal CO2 concentration
(Ci) to a single 1min smoke treatment. Lines represent average values for control (solid line) and smoked plants (dotted line). N=5 and ver-
tical bars represent standard deviations. The symbols * and ** indicate significant differences at the 95% and 99% confidence levels, respec-
tively
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30min subsequent to being smoked were not significantly
different (P≤0.0694), with means of 0.86 ± 0.01 and 0.84 ±
0.02, respectively. Similarly, prior and 30min subsequent to
being smoked, mean ϕP0 values of 30s dark-adapted leaves,
were not significantly different (P≤0.0692) and were 0.50 ±
0.07 and 0.44 ± 0.01, respectively. Smoke had no effect on
the quantum efficiency of primary photochemistry.
The plants exposed to five consecutive days of 1min treat-
ments with smoke did not show any response to the appli-
cation of smoke on the fifth day (Figure 3), with CO2 assim-
ilation rates, stomatal conductances and Ci values not being
significantly different from controls.
Measurements on field grown plants supported our finding
that following a single smoke exposure, photosynthetic gas
exchange parameters recovered after 24h. The gas-
exchange parameters of five field-grown plants, measured
two weeks subsequent to the exposure to smoke from a nat-
ural fire, showed no differences to parameters from unex-
posed plants. The assimilation rates (A), stomatal conduc-
tances (gH2O), transpiration rates (E) and Ci values of these
plants were not significantly different to the values from
plants that were not exposed to smoke (Table 2).
Discussion
The reductions in the assimilation rate of plants exposed to
smoke for a single minute appear to be related to both stom-
atal and mesophyll effects on photosynthesis. The assimila-
tion rate was temporarily reduced by a maximum of 66.0%
with a corresponding reduction in stomatal conductance of
80.4% (Figure 1). However, Ci was reduced by only 25.1%
suggesting that the reduced assimilation rate was not exclu-
sively the result of reduced stomatal conductance. This sug-
gestion was supported by the finding that CO2 response
curves constructed for smoke treated plants exhibited both
reductions in the carboxylation efficiency and rates of RuBP
regeneration (Figure 2, Table 1). As no reduction was
observed in the quantum yield of PSII primary photochem-
istry, it suggests that the observed effects were at the level
of CO2 assimilation and not at the level of primary photo-
chemistry. 
There are numerous possible active ingredients in smoke
that may result in the above effects. One such possibility is
the high concentration of CO2 found in smoke (Robinson et
al. 1998), which may cause physiological responses such as
stomatal closure. Data gathered during the construction of
CO2 response curves showed that stomatal conductance
was reduced by high CO2 concentrations. However, this
response required CO2 to be supplied for considerably
longer than 1min. Thus it is unlikely that the high CO2 in
smoke caused the observed responses, nor is it likely to
have resulted in the direct effects on photosynthesis. The
response of stomata was possibly an indirect one, stomata
closing as assimilation decreased, such as to maintain con-
stant Ci. Conclusions about such direct or indirect respons-
es require further research and are not easily elucidated
using the methods adopted in this study.
The applied smoke also raised the ambient air tempera-
ture and Law and Crafts-Brandner (1999) found that high
leaf temperatures caused a decline in light-saturated assim-
ilation rate of Gossypium hirsutum L. leaves and that this
was as a consequence of Rubisco inactivation via the heat
sensitive Rubisco activase. In addition they showed that
non-photochemical quenching increased in response to heat
treatments, while the maximum quantum yield of primary
photochemistry of PSII was less sensitive. However, such
responses required heat exposure for considerably longer
than 1min, questioning the involvement of such a mecha-
nisms in the reduction of assimilation rates in this study. In
Gilbert and Ripley
Figure 2: Mean assimilation rates of plants prior (open symbols) and
subsequent (closed symbols) to a one-minute smoke treatment.
Measurements at ambient CO2 concentrations of 360μmol mol
-1 and
1 000μmol mol-1 are indicated by the circles and squares respec-
tively. N=11 and horizontal and vertical bars represent standard
deviations
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Table 1: Assimilation rate (A), stomatal conductance to water vapour (gH2O), internal CO2 concentration (Ci) and stomatal limitation of 11 plants
prior and subsequent to a 1min exposure to smoke, for two ambient CO2 concentrations (360μmol m
-2 and 1 000μmol m-2). P-values are given
for t-tests measured at the 95% confidence level and the numbers given are means followed by standard deviations. Percentage stomatal
limitations were calculated from the fitted curves in Figure 2 and were not statistically compared
Ambient CO2 A (μmol CO2 m
-2 s-1) gH2O (mol m
-2 s-1) Ci (μmol mol-1) Percent stomatal 
concentration (μmol mol-1) limitation
Prior to smoke application 360 6.76 ± 1.66 0.124 ± 0.055 233.4 ± 48.4 17.4
1h after smoke application 360 2.21 ± 2.40 0.035 ± 0.031 245.5 ± 66.0 35.5
P-value <0.0001 0.0001 0.542 N/A
Prior to smoke application 1 000 15.73 ± 4.45 0.133 ± 0.058 704.9 ± 138.1 3.9
1h after smoke application 1 000 7.72 ± 5.16 0.040 ± 0.033 621.7 ± 152.9 13.0
P-value <0.0001 <0.0001 0.1089 N/A
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Figure 3: Response of the mean normalised CO2 assimilation rate (A), stomatal conductance to CO2 (gCO2), and internal CO2 concentration
(Ci) to a 1min smoke treatment subsequent to five consecutive days of treatment. Lines represent average for control (solid line) and smoked
plants (dotted line). N=5 and vertical bars represent standard deviations. Differences between treatments were not significant
Table 2: Field gas exchange measurements made at ambient CO2 concentrations for five C. monilifera plants, two weeks subsequent to expo-
sure to smoke from a natural fire. P-values are given for t-tests measured at the 95% confidence level and the numbers given are means fol-
lowed by standard deviations
A (μmol CO2 m
-2 s-1) gH2O (mol m
-2 s-1) Ci (μmol mol-1) E (mmol m-2 s-1)
Smoked 9.50 ± 1.65 0.38 ± 0.06 173.39 ± 6.05 8.12 ± 1.70
Control 8.23 ± 1.97 0.35 ± 0.09 173.63 ± 5.59 6.70 ± 2.21
P-value 0.272 0.468 0.946 0.258
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this study the smoke treatment increased the air tempera-
ture to a maximum of 50°C and this was reduced to the
ambient temperature (~30°C) within a few seconds. Using
fans placed in front of heating elements air temperatures of
50°C measured in close proximity to the leaf could be gen-
erated. Such treatments, supplied for 1min had no signifi-
cant response on gas exchange parameters recorded half
an hour after the treatment. The two environmental factors,
heat and CO2 concentrations, appear unlikely to have
caused the observed responses.
Aside from the above environmental factors, various com-
pounds contained in smoke may cause the observed
responses, although these compounds were not investigat-
ed in this preliminary study. Such compounds may affect
many physiological processes ranging from the stimulus of
signal transduction pathways, to altering membrane perme-
ability, to free radical damage. It is feasible that if the ABA
signal transduction pathway is affected, that the observed
response could occur. The ABA signal transduction pathway
has been implicated with both stomatal and non-stomatal
responses of CO2 assimilation (Cornic and Miginiac 1983,
Raschke and Hedrich 1985). Smoke contains reactive mol-
ecules such as sulphur dioxide, sulphides and ozone which
have both direct effects and can result in the generation of
free radicals (Heath 1994, Fangmeier et al. 2002) and may
offer explanations of the observed effects. Such mecha-
nisms have a multitude of effects including: altered mem-
brane permeability and membrane pump action (Tester
1990, Heath 1994), decreased photosynthetic rates
(Downton et al. 1988, Reiling and Davison 1994), increased
Mehler reactions and free radical scavenging metabolism
(Madamachani and Alscher 1991) and altered gene expres-
sion (Foster and Hess 1980). In addition to reactive mole-
cules smoke contains nitrogen oxides which are hypothe-
sised to affect the membrane permeability of germinating
seeds (Keeley and Fotherinham 1997) and such effects
could explain both the stomatal and non-stomatal effects
observed in this investigation. Furthermore, unidentified
compounds may be the causal agents, as has been sug-
gested by Van Staden et al. (1995) for the enhancement of
germination by smoke.
The fact that plants subjected to smoke in the field showed
no long-term effects may be the result of subsequent recov-
ery, a phenomenon that was shown to occur within 24h sub-
sequent to greenhouse plants being exposed to smoke for
1min. The response of field grown plants may be further
complicated by the findings that plants acclimated to repeat-
ed exposures. How long this acclimation persists and the
mechanisms responsible for this acclimation remain to be
discovered. Photosynthetic gas exchange of tropical tree
saplings has been shown to be inhibited immediately follow-
ing exposure to smoke from forest fires (Davies and Unam
1999). This result agrees with our laboratory findings and we
suggest that similar reductions would have been evident in
C. monilifera had measurements been made immediately
after smoke exposure.
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